Abstract. A gas valve of 6 x 6~2 mm3 size has been developed for high pressure applications. Stress-optimised shape memory microbeams of 100 pm thickness are used to control the deflection of a membrane above a valve chamber. The shape memory thin sheets have been fabricated by melting and rolling, which creates specific textures. Investigations by X-ray diffraction revealed major orientations of [l l l ] and [OI l] in rolling direction. The corresponding maximum anisotropy of transformation strain was 20%. The microbeams have been fabricated by laser cutting. For stress-optimisation, the lateral widths of the beams are designed for homogeneous stress distributions along the beam surfaces allowing an optimised use of the shape memory effect and a minimisation of fatigue effects. For actuation, a rhombohedral phase transformation is used. This allows operation below pressure differences of 1200 hPa in designs with one valve chamber and below 4500 hPa in pressure-compensated designs with a second valve chamber above the membrane. Maximum gas flows of 1600 sccm (sccm = cm2 at standart conditions 1 minute) and work outputs of 35 pNm are achieved for a driving power of 210 mW. The response times for closing the valves vary between 0.5 and 1.2 S and for opening between 1 and 2 S depending on the applied pressure difference.
INTRODUCTION
Currently, microactuators based on shape memory alloys (SMA) are being developed, which are characterised by high forces and displacements in restricted space. The base material for these actuators are SMA thin films produced by sputter deposition [l-81 or SMA thin sheets fabricated by melting and subsequent rolling . By rolling, device thicknesses above about 30 pm can be obtained, which are particularly interesting in terms of work outputs and power consumption. Since rolling creates specific textures causing anisotropic physical properties [15, 16] , it is important to evaluate these effects. For micromachining of SMA thin sheets, the methods of laser cutting and electrolytic photoetching have been optimised, allowing the realisation of lateral dimensions of a few tens of microns. An optimum use of the shape memory effect requires specific designs, with homogeneous spatial stress profiles for a given load pattern. The stress values should be sufficiently high to provide large work outputs, but low enough to avoid fatigue effects [17] . Both contradictory requirements have been taken into account in a design of a stress-optimised TiNi microdevice of 100 pm thickness for actuation of membrane microvalves. In order to evaluate the effect of rolling on the shape memory behavior of 100 pm thick TiNi sheets, the texture and the resulting anisotropy of transformation strains are investigated. Thermal measurements are performed to determine temperature distributions along the surface of the microfabricated TiNi devices during actuation. Further experiments concentrate on quasi-static and time-resolved mechanical and electrical properties of two types of microvalves fabricated from the TiNi microdevices.
PHYSICAL PROPERTIES OF THE SPECIMENS
Thin sheets of Ti-SOat%Ni have been made by melting Ti and Ni in a high frequency induction furnace followed by final cold-rolling with 20% reduction. The final thickness of the thin sheets was 100 pm. Tensile specimens have been spark-cut from the thin sheets parallel and perpendicular to the rolling direction (RD). Another specimen has been prepared for a texture analysis by the X-ray diffraction method. Oxide layers have been removed by chemical and mechanical polishing, the surfaces have been finished by electropolishing. The sheets have been heat-treated at 530°C for 3.6ks in vacuum with subsequent cooling in gaseous nitrogen to adjust the one-way-effect. In differential scanning calorimetry measurements, a two-stage transformation from the austenitic (B2)-phase to rhombohedral (R)-phase to a martensitic (M)-phase is observed upon cooling. Upon heating, a single-stage transformation from M to B2 occurs. The
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jp4:1997594 corresponding start and finish temperatures of the transformation MS, Mf, Rs, Rf, As and Af are 23"C, 10°C, 44"C, 38"C, 54°C and 66"C, respectively. The rolling-induced texture has been investigated by X-ray diffraction measurements. Fig. 1 shows three pole figures at room temperature presenting the orientation distribution of the X-ray diffraction intensity reflected from the { 110), { 100) and (21 1 } planes, respectively. The vertical and horizontal axes denote the rolling direction (RD) and transverse direction (TD), respectively. In Fig. l(a) , the normalised intensity concentrates both at the center of the pole figure and RD, while the intensity is weak and uniformly distributed at TD revealing a major orientation [Ol l] along RD. Another major orientation is [l 1 l ] as determined from the orientation distribution function. The influence of the texture on the mechanical properties has been investigated by thermally cycled tensile tests under constant loads. The tensile axis were parallel to RD and TD. From these measurements, the recovery strain€ A and plastic strain E , have been determined as a function of stress as shown in Fig. 2 . The recovery strain E A is associated with the complete reverse transformation from M-to B2-phase, E , is due to slip deformation induced during the proceding transformations. E A increases with increasing stress and reaches maximum values of about 5% for RD and 4.1 % for TD, which corresponds to a maximum anisotropy of transformation strain of 20%. The larger transformation strains for RD compared to TD are due to the major axes [Ol l ] and [ l 1 l ] in RD. In TD, no specific major orientation exists resulting in lower values for recovery and plastic strains. The critical stress for slip deformation is higher for TD compared to RD, namely about 90 MPa and 60 MPa, respectively. For actuation, the SMA devices are driven by direct electrical heating. Fig. 3 shows a temperatureresistance characteristic of a double-beam test device determined for zero external load by the four-point method. The measurements have been performed in thermal equilibrium by step-wise ramping the external temperature with sufficient waiting time. The plot reveals the typical features also observed in bulk materials [l S] . Since during actuation the device temperature is cycled above room temperature, only the R-phase transformation is used.
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DESIGN AND FABRICATION OF THE MICROVALVES
The operation principle of the microvalves is based on the use of a SMA microdevice for deflection control of a membrane, which thus opens or closes a valve port. The valve is designed for operation in a normally open condition, where a pressure difference acts as a biasing force against the actuation force generated by the SMA device. A cross-section of the microvalve is shown in Fig. 4 . A PMMA (polymethylmetacrylat) substrate has been processed by mechanical micromachining to establish a pressure chamber with inlet and outlet ports A and B. The diameter of the pressure chamber was 4 mm. The inner and outer diameter of the valve seat were 0.5 and 1 mm, respectively. Lateron, a high flexible poiyimide membrane of 3 pm thickness has been bonded to the substrate. Brass contact pins have been connected to the substrate by adhesive bonding. A SMA device consisting of a circular array of double-beam bending elements has been manufactured by laser cutting and, subsequently, integrated onto the membrane by adhesive bonding. Between membrane and SMA device, a spacer has been integrated to adjust the constraint force, which the SMA device exerts on the valve seat. Finally, a PMMA cover with port C has been mounted on top for use as a second pressure chamber allowing to compensate the Dressure on the membrane bv a fluidic short-cut. An assembled microvalve without PMMA cover is shown in Fig. 5 .
For im~rovement of the work out~ut. the SMA microdevice has been stress-o~timised r 10.121. The basic idea of stress optimisation is toLdesign the beams of the SMA device inLsuch a &ay t6at spatially homogeneous stress profiles are obtained for a given load pattern. Optimisation of each beam has been performed by using the width of the beam w(x) as a variable dimension in beam direction X . The maximum stress d ( x ) along the surface of the SMA device is given by the bending-moment M,(x), the moment of inertia Z,(x) and the distance between the surface and the neutral fiber W2 :
with Z,(x) = (w(x) h3)/12 for rectangular cross-sections. The bending moment is given by the pressure difference acting on the membrane and geometric parameters. Stress-optimised designs are characterised by a constant stress profile along the surface. The maximum stress should be sufficiently high to obtain high work outputs, but below the critical stress for plastic deformationd(x) = a i m i t < O p . From this condition, equation (1) allows the determination of an analytical expression for the corresponding width profile w(x) of the beams:
In the specimens, O p is about 60 MPa in RD. Taking into account a given membrane radius of 2 mm and limits for the minimum and maximum beam widths of 100 and 550 pm, respectively, a final device geometry with eight stress-optimised double-beams has been designed as shown in the inset of Fig. 5 .
The operation of the valves has been investigated in three modes as illustrated in Fig. 6 . In operation mode (a), ports A and B are connected to the inlet pressure to obtain a membrane actuator for characterisation of the force-deflection behavior of the microdevice-membrane composite. In valve actuation mode (b), the inlet pressure is applied to port B, while port A remains open. In valve actuation mode (c), port A is interconnected to port C of a second pressure chamber on top to partially compensate the effect of pressure on the membrane. 
Temperature distribution
The temperature distribution along the surface of a SMA device has been investigated as function of electrical heating power by infrared microscopy. The measurements have been performed in thermal equilibrium. The infrared intensities have been calibrated by small thermocouples. The temperatures increase linearly as a function of electrical heating power. Maximum temperatures occur at the beam ends and minimum temperatures at the beam roots. The temperature distribution is shown in Fig. 7 for 110 mW heating power. In this case, the whole actuator is heated above the finish temperature of the reverse transformation (R->B2) of 44°C. The maximum temperature at the beam end is 58°C. For clarity, a scanning electron micrograph (SEM) of the investigated device area is shown in Fig. 8 . For constant specific resistance, the temperature induced by electrical current is proportional to the crosssection of the beams. Even though the cross-section of the beams varies by a factor of 5.5, the actuator temperature only varies by a factor of about 1.5. Thus, efficient thermal compensation takes place between regions of different cross-sections, which is governed by thermal conduction in the TiNi device and the PMMA substrate. The maximum possible electrical heating power was limited to about 450 mW by the thermal stability of the used adhesive. In this case, a maximum temperature of 170°C was observed. Below this power limit, no critical hot spots and sufficiently homogeneous temperature distributions occured.
~i~i microdevice determined by infrared-&icroscopy. The microdevice as shown in Fig. 7 . heating power is 110 mW. Maximum and minimum temperatures are 58" and 44"C, respectively.
Valve actuation in thermal equilibrium
The advantages of stress-optimisation have been demonstrated by comparison of membrane actuators operated by a stress-optimised SMA device and corresponding non-optimised devices with parallel beams, which revealed about a factor of 5 higher work output [12] . In the optimised actuator, a pure Rphase transformation was observed below 1200 hPa. The maximum strain was estimated to about OS%, which corresponds to previous observations of maximum possible transformation strains in R-phase. [l91 Above 1200 hPa, stress-induced martensite occured. In order to make use of a pure R-phase transformation the microvalves have therefore been designed for operation up to 1200 hPa. Thus, maximum stress and strain values are limited to about 60 MPa and 0.12% in the austenitic phase, respectively, which has been calculated by an elastic beam-bending model using a Young's modulus of 53 GPa. These stress and strain values have to be considered as average values of RD and TD, which both contribute equally to the mechanical properties in this case due to the circular geometry. In order to maintain a closed valve position below 1200 hPa, the SMA beams have been constraint by a spacer. The spacer thickness has been chosen to 60 pm, as measurements of membrane actuators revealed at 1200 hPa a maximum beam displacement of 55 pm in the austenitic phase. Typical valve characteristics obtained in thermal equilibrium are shown in Figs. 9-1 1. Figs. 9 and 10 summarise the electrical resistance and gas flow characteristics as a function of electrical power for a valve operated in mode (b). At 1200 hPa, a maximum gas flow of 1600 sccm is observed in open condition, where the SMA device is in R-phase. The corresponding maximum deflection of the membrane is 70 pm. From this value a maximum work output for closing the valve has been calculated to 35 pNm. In closed condition, where the SMA microdevice is in austenitic phase, no leakage rate is detected. The critical power values for opening and closing the valve at 1200 hPa are 55 mW and 210 mW, respectively. In closed condition, only heat conduction contributes to cooling. Upon cooling, the power of conductive heat-loss Pcond becomes equal to the electrical heating power at 55 mW. In open condition, both, conductive and pressure dependent convective cooling occurs. Therfore upon heating, Pcond and the power of convective heat-loss Pconv become equal to the electrical heating power at 210 mW. The wide hysteresis widths observed in Figs. 9-1 1 do not reflect the characteristic properties of R-phase transformation [19] , but the pressure-dependent cooling rates of the SMA microdevice in open condition, which are governed by convection and conduction. Therefore, considerably higher electrical heating powers are required to close the valve compared to the minimum heating power to maintain a closed condition. This effect guarantees stable switching states. Investigations of microvalves with pressure compensation, operated in mode (c), revealed similar characteristics as shown in Figs. 9 and 10. However, this mode allows to control much higher pressure differences. So far 4500 hPa have been achieved. Typical gas flow characteristics are shown in Fig. 1 1. Due to the fluidic resistor, the gas flows have been reduced to a maximum of about 400.sccm.
Dynamic valve actuation
The pressure-dependence of the response times for closing and opening the microvalves has been determined as a function of heating power. Fig. 12 shows typical results for a microvalve operated in mode (b). For closing the valve within a short time period, higher driving powers are required in dynamic measurements compared to thermal equilibrium conditions. The response times t, for closing the valves increase for increasing pressure due to a pressure-dependent increase of convective heat losses. For 1200 hPa and an electrical heating power of 450 mW, a minimum response time of about 1.2 S is determined, for 400 hPa this time reduces to about 0.5 S. The time t, for closing the valve can be approximated by the following equation, which has e.g. been used previously to evaluate the heating times in SMA-wire actuators [20] :
where m denotes the mass of the microdevice, cp the thermal capacity, A T the temperature difference between room temperature and transformation temperature, Qt the specific transformation energy, W the work output and Pel the electrical heating. By eq. (3), closing times have been calculated, which are plotted as solid lines in Fig. 12 . Pcond and Pconv have been approximated by the critical power values for opening and closing the valves, respectively, as determined from Figs. I0 and I I. The response times t,, for opening the valves are less affected by pressure; since convection only partially contributes to the cooling in this case. These times vary between 1 and 2 s for pressure differences between 400 and 1200 hPa.
CONCLUSIONS
Stress-optimised SMA microdevices with homogeneous stress distributions have been developed for deflection control of a membrane in gas microvalves. Specimens prepared by melting and final coldrolling with 20% reduction give rise to textures of [OI l ] and [l 1 l ] in rolling direction. The resulting anisotropy of transformation strains was investigated by tensile. measurements revealing maximum recovery strains of 5% and 4.1 % parallel and perpendicular to the rolling direction, respectively. Investigations of temperature distributions on the surface of SMA microdevices performed by infrared microscopy revealed no hot spots and sufficient homogeneous temperature distributions in the power range below 450 mW. Valves with one pressure chamber have been designed for a maximum pressure difference of 1200 hPa, making use of a pure R-phase transformation. At this pressure limit a gas flow of 1600 sccm and a work output of 35 pNm were observed. Valves with two pressure chambers for pressure compensation allowed operation at pressure differences up to 4500 hPa. In time-dependent investigations a strong dependence of heating times on the pressure difference was observed, which is mainly due to pressure-dependent convective cooling by the flowing gas. Typical response times for closing the valves vary between 0.5 and 1.2 S, the times for opening between 1 and 2 S.
